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Abstract: Purpose Avoiding supine position can reduce snoring in most habitual snorers. However,
devices that restrict the sleeping position cause discomfort or disrupt sleep resulting in low compliance.
Therefore, mechanisms, which lift the trunk of the user without disturbing sleep, have been proposed. We
present the first study, which investigates whether individual interventions provided by beds with lifting
mechanisms are able to stop snoring (success rate) and whether they reduce the snoring index (number of
total snores divided by total time in bed) using a repeated measures design. In addition, we investigated
whether the intervention is interfering with the subjective sleep quality. Methods Twenty-two subjects
were observed for four nights (adaptation, baseline, and two intervention nights). During intervention
nights, the bed lifted the trunk of the user in closed-loop manner. Subjects were divided in three groups
(non-snorer, snorer one, and snorer two). Non-snorers were lifted by the bed at random time points
during the night. In group snorer one, a stepwise increase of the bed inclination was compared with
going directly to a randomly selected angle. In group snorer two, the influence of a small inclination
angle (10 ฀) and a big inclination angle (20 ฀) was compared. Results Snoring was stopped successfully in
22% (small angle) and 67% (big angle) of the interventions. This did not lead to a significant reduction
in the snoring index. The subjective sleep quality was not reduced by the intervention. Conclusion The
anti-snoring bed is able to stop individual episodes of habitual snoring without reducing the subjective
sleep quality.
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The anti-snoring bed - a pilot study
Elisabeth Wilhelm1* , Francesco Crivelli1,2, Nicolas Gerig1,3, Malcolm Kohler4 and Robert Riener1,5
Abstract
Purpose: Avoiding supine position can reduce snoring in most habitual snorers. However, devices that restrict the
sleeping position cause discomfort or disrupt sleep resulting in low compliance. Therefore, mechanisms, which lift the
trunk of the user without disturbing sleep, have been proposed. We present the first study, which investigates
whether individual interventions provided by beds with lifting mechanisms are able to stop snoring (success rate) and
whether they reduce the snoring index (number of total snores divided by total time in bed) using a repeated
measures design. In addition, we investigated whether the intervention is interfering with the subjective sleep quality.
Methods: Twenty-two subjects were observed for four nights (adaptation, baseline, and two intervention nights).
During intervention nights, the bed lifted the trunk of the user in closed-loop manner. Subjects were divided in three
groups (non-snorer, snorer one, and snorer two). Non-snorers were lifted by the bed at random time points during the
night. In group snorer one, a stepwise increase of the bed inclination was compared with going directly to a randomly
selected angle. In group snorer two, the influence of a small inclination angle (10°) and a big inclination angle (20°) was
compared.
Results: Snoring was stopped successfully in 22% (small angle) and 67% (big angle) of the interventions. This did not
lead to a significant reduction in the snoring index. The subjective sleep quality was not reduced by the intervention.
Conclusion: The anti-snoring bed is able to stop individual episodes of habitual snoring without reducing the
subjective sleep quality.
Trial Registration: https://clinicaltrials.gov, no. NCT04053738, registered 12 August 2019 - Retrospectively registered,
https://clinicaltrials.gov/ct2/show/NCT04053738.
Keywords: Habitual snoring, Intelligent bed, Positional therapy
Introduction
Habitual snoring is a widespread sleep problem (Deary
et al. 2014), which does not only affect the health of the
snorer (Endeshaw et al. 2013) but also the quality of life
of the bed partner (Beninati et al. 1999). Intense snor-
ers snore up to 245 times/hour (Cathcart et al. 2010).
Snoring often occurs when the muscle tone drops while
the snorer is lying in supine position. In this position,
gravitational forces pull the soft tissue surrounding the
upper airways in dorsal direction, thereby narrowing the
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airways. This causes audible flow turbulences in the upper
airways (Gleadhill et al. 1991).
Therapeutic interventions force snorers to avoid supine
position. The easiest way to implement positional therapy
is to attach an obstacle, to the back of the snorer (Berger
et al. 1997). More sophisticated devices include vibration
(van Maanen and de Vries 2014) or sound (Cartwright et
al. 1985) alarms raised when the snorer sleeps in supine
position, or cushions, which push the head of the snorer
sideward (Zhang et al. 2013). However, the discomfort
needed to force the snorer to avoid supine position results
in disrupted sleep and low user compliance (Bignold et al.
2009).
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An alternative approach is to elevate the trunk of the
user with cushions. McEvoy et al. reported that sleep-
ing in seated position (trunk elevation of 60°) has posi-
tive influences on the severity of obstructive sleep apnea
(McEvoy et al. 1986). Recently it has been suggested to
use adjustable bed frames to change the position of the
sleeping snorer (Van Der Loos et al. 2003). Actuated
beds such as the one used within this paper cost about
7000 Swiss francs and are therefore more expensive than
conventional approaches for providing positional therapy.
Commercially available versions such as the Partner Snore
TM Technology (Sleep Number Corporation, Minneapo-
lis, USA) elevate the trunk of the sleeping snorer if the bed
partner indicates the presence of snoring via a push button
(Sleep Number Corporation). Despite the fact that these
beds are commercially available, little is known about the
effect of such devices.
In this paper, we present the first systematic pilot study,
which investigates the influence of automated trunk ele-
vations on snorers. In absence of any evidence on the
effect of different intervention parameters, we decided to
conduct a pilot study, which investigates multiple options
with three small groups. This pilot study aims on identify-
ing the range of promising intervention options for future
investigations. In particular, we were interested, which
elevation angles would most likely reduce habitual snor-
ing. Furthermore, we investigated how the bed influences
the subjective sleep quality of the user.
Materials andmethods
Setup
The mattress shape was adapted using a custom made
intelligent anti-snoring bed (Fig. 1), which is able to detect
snoring sound and change the position of the user when-
ever snoring occurs (Crivelli et al. 2017; Wilhelm et al.
2017). The bed is triggered depending on the snoring
index (SI) defined as number of snores detected within a
given time frame. This time frame was set to one minute.
The threshold that triggered bed motion was ten snores
per minute for the first part of the study. After the interim
analysis, this threshold was lowered to four snores per
minute.
Subjects
Twenty-two participants (5 female, age 29.7 years SD:
16.0) participated in the study (Table 1). Participants were
not medication free. Alcohol and caffeine consumption
was not restricted. Exclusion criteria were pregnancy,
previously diagnosed sleep-related breathing disorders,
chronic lower back pain, heart insufficiency that might
impede sleeping in supine position, and inability to fol-
low the procedures of the study. All subjects received
a monetary compensation (CHF 25 per night) to cover
travel costs. Daytime sleepiness was recorded using the
Epworth Sleepiness Scale (ESS). Ten participants reached
an ESS-score above 10, which indicates excessive daytime
sleepiness (Johns 1991). Apnea hypopnea index (AHI) and
oxygen desaturation index (ODI) were measured using
a home-monitoring device (Apnea Link, purchased from
ResMed). The scoring was done automatically by the
ApneaLink software (purchased from ResMed). Two par-
ticipants had an AHI and an ODI bigger than 5 during
the adaptation night. One of these two participants also
scored more than 10 points in the ESS. Therefore, we
cannot exclude that these participants suffer from an
undiagnosed sleep-related breathing disorder. In addition,
Fig. 1Measurement setup. a Postural interventions were provided using an automated bed, which can elevate the trunk of the sleeping user. A
custom-made built-in microphone was used to trigger trunk elevation. In addition, a reference microphone and a IR-camera were used to monitor
the user. b The inclination angles provided by the bed were 10° (P10), 15° (P15), and 20° (P20) provided at the location where the users hip joint is to
be expected. At the beginning of the night on during episodes of silence the bed was set to neutral postion (P0)
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Table 1 Demographics of the study groups. Supine Sleeping was calculated as the percentage of the total time in bed that was spent
in supine position. Position dependency was assumed if more than 50% of all snores during the baseline night occurred in supine
position. AHI and ODI have been obtained using the automatic scoring provided by the ApneaLink software (purchased from ResMed).
Age, BMI, ESS, AHI, and ODI are reported as mean and standard deviation. All other values indicate the number of subjects
Non-snorer Snorer 1 Snorer 2
recruited datasets recruited datasets recruited datasets
Subjects 7 6 6 4 9 6
Sex (m/f) 5/2 4/2 5/1 4/0 7/2 5/1





22.6 (2.5) 22.8 (2.6) 21.9 (1.7) 21.1 (1.3) 24.8 (4.3) 25.2 (5.2)
ESS (score 0-24) 10.9 (3.5) 9.9 (2.5) 8.2 (3.4) 6.8 (3.3) 9.3 (4.0) 9.7 (3.1)
Supine Sleeping (%) - 52 (20) - 48 (11) - 34 (15)
Coffee (Cups per day) - 2.0 (2.0) - 1.0 (0.7) - 1.1 (1.2)
Alcohol (Glasses per day) - 0.6 (0.6) - 0.25 (0.3) - 0.5 (0.5)
AHI adaptation (n/hour) - 0.95 (0.75) - 3.28 (5.75) - 2.83 (3.26)
ODI adaptation (n/hour) - 1.63 (1.12) - 2.78 (4.68) - 3.67 (4.37)
Smokers 0 0 0 0 3 2
Position dependency n.a. n.a. 4 3 6 3
participants were asked to report any breathing related co-
morbidity. One participant reported being allergic to cats
and having frequent breathing problems after smoking for
about 6 years. Another participant reported being affected
by allergic rhinitis (hay fever). Four participants reported
experiencing symptoms of a cold on one or more days on
which they participated in the study.
Participants were divided into snorers and non-snorers
based on the amount of snoring recorded with a home-
monitoring device (Apnea Link, purchased from ResMed)
during the first night. The threshold was set to 50 snores
per night. This value was chosen with respect to the nor-
mal breath rate of a human subject (12 -20 breath/minute),
someone who snores 50 times per night snores between
2.5 and 5 min in total. Interventions by the bed are
only triggered after 1 minute of continuous snoring.
Therefore, the chance to see interventions in snorers
who snore less than 50 times per night would be very
low. Furthermore, by excluding subjects with a snoring
episode of less than 5 min we wanted to avoid overes-
timation of an overestimation of positive interventions.
Positive interventions were defined as bad movements
(which are triggered after 1 minute of snoring) that were
able to stop snoring within 3 minutes time. Participants
were recruited in two phases. The group snorer one was
recruited between February and July 2017. The group
snorer two was recruited from February to July 2018.
All non-snorers recruited in both recruitment periods
received the same interventions. Parameters for snor-
ers were optimized after completion of the recruitment
period.
One subject withdrew from the study. Four subjects did
not receive the intervention in at least one night of the
study due to technical problems. Three snorers did not
trigger the bed. These datasets were excluded from the
evaluation. Some subjects only triggered the bed in one of
the experimental conditions. Nights in which the bed was
not triggered were treated as missing data points.
Study protocol
All subjects spent four consecutive nights in the lab. Day-
time activities were not restricted. Subjects went to bed
at their habitual bedtime. The first night served as adap-
tation night. Night two to four were used as experimental
nights. These nights were split into one baseline night and
two nights with interventions. The order of the nights was
randomized.
Within this study, we used four different elevation
angles (0, 10, 15, and 20 degree referred to as P0, P10, P15,
P20, respectively). The bed moved with an angular veloc-
ity of 1.5 °/s. As depicted in Fig. 2 the three groups got
different interventions.
Within the groups snorer one and non-snorer we wanted
to investigate whether a stepwise increasing inclination
angle (stepwise condition) is less disturbing than a sud-
den change of position (random angle condition) (Fig. 2).
Since Non-snorers would not trigger the bed with snoring
sounds, interventions were provided to them at random
time points throughout the night.
We compared the lowest angle (10°, P10) with the high-
est inclination angle (20°, P20) used within the group
snorer two. Nights during which the bed only went to P10
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Fig. 2 Interventions provided by the bed. Participants of the groups snorer one and non-snorer were provided with a stepwise intervention and a
random angle intervention. During stepwise intervention, the bed was elevated upon the detection of snoring. If snoring stopped within 5 minutes,
the bed went back to P0. Otherwise, the inclination was increased to the next step. During the random angle intervention, the bed went to one of
the three inclination angles upon detection of snoring and waited in this position until snoring stopped. The group snorer two got two different
interventions. During the small angle intervention, the bed moved to P10 upon detection of snoring and back to neutral when snoring stopped.
During the big angle intervention, the bed went to P20
are called small angle. The other nights are referred to as
big angle.
Goal of the study
Within this study, we investigated, whether individual
interventions of the bed are able to stop snoring episodes.
In addition, we were interested, whether the overall
amount of snoring would be reduced in intervention
nights compared to baseline. Furthermore, we investi-
gated whether the bed influences the subjective sleep
quality.
Snoring activity was monitored using a portable home-
monitoring device (Apnea Link plus, purchased from
ResMed, Switzerland). Since audio based detection has
been reported to be the most reliable way of snoring
detection (Arnardottir et al. 2016), we also used a sound
level meter (XL2 Audio and acoustic Analyzer, purchased
from NTi Audio, Lichtenstein). Manual visual-audio scor-
ing of the data collected with the noise level meter was
performed using the XL2 data explorer.
The success rate of the individual intervention was
derived by dividing the number of positive interventions
through the total number of bed movements.
To investigate the effect on the total amount of snoring
observed within one night, we calculated the SI using the
lables of the software of the Apnea Link and the lables of
the manual scoring. The SI was calculated by dividing the






The sleeping position of the user was manually scored
based on an infrared video. We distinguished between
supine, prone, left, or right position and movement
episodes.
Subjective Sleep Quality was assessed using the Gronin-
gen Sleep Quality Scale (GSQS) (Meijman et al. 1988).
In addition, subjects were asked to indicate whether they
think that an intervention occurred during the night,
whether they woke up due to an intervention, and whether
the intervention was disturbing their sleep. On the morn-
ing after the last experimental night, subjects were also
asked to indicate which condition they preferred. The
questionnaires were filled out within the first 10 minutes
after wake up.
Statistical analysis
The data was analysed using Matlab r2018b (Math-
Works, USA). Data was tested for normality using
the Kolmogorow-Smirnow-Test. Since this test indicated
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a non-normal distribution, we used a non-parametric
method. The Friedman-Test, which would be the non-
parametric alternative for an ANOVA in repeated mea-
sures design, could not be used, since it does not accept
missing values. Alternative tests, which do accept missing
values, require a bigger sample size. Therefore, we used
the Kruskal-Wallis Test to compare the values within each
group. All results are reported as mean and range. The
significance level was set to p = 0.05.
We decided to look at each group individually dur-
ing the analysis, because the number of bed movements
differed in between groups.
Results
Number of interventions triggered by different groups
Non-snorers received 12 bed movements in both random
angle and stepwise condition. The group Snorer one trig-
gered the bed on average 1.5 (range: 0, 4) times and 2
(range: 0, 7) times in stepwise and random angle condi-
tion, respectively. In stepwise condition, all but one snorer
stopped snoring when the bed reached P10. The other
snorer stopped snoring when the bed was in P15. Aver-
aged over all nights snorers of the group snorer one only
encountered 6.3 (range: 0, 13) bed movements. This is
only half of what the control group experienced. There-
fore, we decided to investigate at each group individually.
Participants of the group snorer two triggered the bed
on average 3 (range: 0, 11) and 2 (range: 0, 6) times in the
small and big angle condition, respectively.
Effects of the postural intervention on snoring
In the group snorer one 60.0% of the stepwise interven-
tions and 57.0% of the random angle interventions were
successful. As depicted in Fig. 3 the bed reduced the
audio-based SI slightly in snorer one during the random
angle condition (n.s.). In the data recorded with the home-
monitoring device there was no reduction of snoring in
intervention nights.
In the group snorer two, small angle was provided
18 times with a success rate of 22.2%. The interven-
tion big angle was triggered 12 times with a success rate
of 66.6%. There was no statistical significant difference
between the audio-based SI recorded during the differ-
ent nights. The same applied for the SI measured with the
home-monitoring device. However, both outcome mea-
sures showed a tendency towards a lower SI in the big
angle condition (see Fig. 3).
Effects of the postural intervention on subjective sleep
quality
As depicted in Fig. 4 the stepwise intervention seemed
to decrease subjective sleep quality measured using the
GSQS in the groups non-snorer and in snorer one (n.s.).
Participants of both groups noticed in which nights
interventions occurred. This result was significant in
snorer one (p = 0.0498, χ̃2 = 6.0000, with a mean rank
of 7.5, 3.0, and 3.0 for baseline, stepwise, and random
angle respectively) but not in non-snorer. The questions
whether subjects woke up due to an intervention and
whether the bed did disturb the participants did not give
significant results. Two out of four snorers and two out
of six non-snorers did not indicate which condition they
preferred. One out of six non-snorer chose the stepwise
condition and one the random angle condition. All other
participants indicated that they preferred the baseline
condition.
In the group snorer two, we investigated the influence
of small and big inclination angles. As depicted in Fig.
4. there was no difference in GSQS. Subjects of snorer
two noticed in which nights interventions occurred (p =
0.0481, χ̃2 = 6.0701) with a mean rank of 13.67, 8.17,
and 6.67 for baseline, small angle, and big angle, respec-
tively. Furthermore, they reported that they had been
awake due to the intervention (p = 0.0439, χ̃2 = 6.2503,
mean rank of 5.3, 10.25, and 12.92 for baseline, small
angle, and big angle, respectively). However, the question
whether the intervention disturbed their sleep was not
giving significant results. Three out of six participants of
the group snorer two reported that the big angle condition
was their favourite condition, two opted for baseline, and
one for small angle condition.
Discussion
Within our study, snoring stopped in 60% , 57%, or 67%,
while a intervention in stepwise, random angle, or big
angle, was provided, respectively. However, this did not
lead to a significant reduction of the average SI. Eventually,
the natural fluctuation of snoring covered the effect of the
individual interventions. Within the same subject snor-
ing frequency and the duration of snoring episodes can
vary by 22% and 33%, respectively, in consecutive nights
(Cathcart et al. 2010). Therefore, long-term studies might
be needed to evaluate the effect of anti-snoring beds.
While the natural variation of habitual snoring makes
it hard to evaluate scientific studies, it also shows how
important it is to provide interventions in closed-loop
manner. The closed-loop approach allows the user to sleep
in the sleeping position he prefers and will only intervene
if snoring occurs. Therefore, it is much less restrictive than
commonly used approaches.
In addition, our study had some limitations. In some
nights, the nasal cannula was displaced due to move-
ment. In these cases, the SI was only calculated for peri-
ods with valid measurements. Since the snoring activity
varies throughout the different sleep stages this reduces
the validity of this measure. The audio-based evaluation
has been reported to be more reliable. However, due to
the absence of a clear definition of snoring sound, this
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Fig. 3 Effect of the automated bed on snoring. The average SI was once derived from manually scored audio-recording and once from the nasal
cannula of the home-monitoring device. As depicted the bed was able to stop snoring with a success rate of 22.2% to 66.6% in different test
conditions. However, the successful interventions did not lead to a reduction of the average SI which describes the total amount of snores divided
by the time spent in bed
evaluation is influenced by the subjective experience of
the expert scorer (Rohrmeier et al. 2014).
Furthermore, there are multiple causes for habitual
snoring. We recruited snorers based on self-report.
Therefore, we had a mixed population. So far, it has been
suggested that anti-snoring beds can only be effective
for position dependent snorers. One reason why we did
not see significant changes of the SI could be that both
our snorer groups did also contain snorers who were not
position dependent.
Another limitation of our study is, that in non-snorers
interventions were provided regardless of the sleeping
position. Position dependent snorers would be expected
to trigger the bed while lying in supine position. In the
non-snorers in our study only 24% of the upward move-
ments of the stepwise condition and 47% of the upward
movements of the random angle condition occurred while
the participants were lying in supine position. This might
be due to the fact that only three out of the six partici-
pants of this groups spent more than 50% of the baseline
Wilhelm et al. Sleep Science and Practice            (2020) 4:14 Page 7 of 8
Fig. 4 Influence on subjective sleep quality. GSQS scores reach from 0 to 14 with 0 indicating good sleep and 14 indicating bad sleep. As depicted
non-snorers slept worse during intervention nights. In group snorer one sleep quality improved slightly during the random angle condition. The
group snorer two had a tendency to report better sleep quality in both intervention conditions. None of these results was significant
night in supine position. By recruiting non-snorers who
are mainly sleeping in supine position, one could investi-
gate the effect of the intervention in this specific sleeping
position.
In addition, the snoring detection algorithm of the anti-
snoring bed did not recognize all types of snoring. There-
fore, some snorers did not trigger the bed. Eight times
the bed reacted to environmental noise. This implies that
more robust snoring detection algorithms could decrease
sleep disturbance caused by anti-snoring beds. Alterna-
tively, the interventions provided by the bed could be
triggered manually by an expert scorer. However, this
solution would be very cost intensive and could therefore
be only used in scientific studies and not as a long-term
treatment for habitual snoring.
With respect to the effect of anti-snoring beds on sub-
jective sleep quality, we saw a slight tendency towards
an increased subjective sleep quality in snorers in con-
ditions in which the bed moved to a target position and
back. In the stepwise condition, the subjective sleep qual-
ity decreased. This might be because the bed moved more
frequently in this condition. The effect of an interven-
tion on the objective sleep quality can only be investigated
using polysomnography. However, polysomnography is
highly obtrusive and would reduce the subjective sleep
quality of the participants. As reduced comfort is the
most common reason for aborting conventional therapy
approaches, our approach would only be a real alternative
if the subjective sleep quality is at least similar to base-
line condition. Therefore, we decided not to investigate
objective sleep quality measures and did instead focus on
the subjective sleep quality in our pilot study. In future
studies polysomnography should be included to investi-
gate whether the motion of the bed causes arousals or
changes the sleep architecture.
Conclusion
In our Anti-snoring bed study, snoring stopped more fre-
quently when interventions of the type big angle (20°)
were provided compared to interventions of the type small
angle (10°). This suggests that larger inclination angles
might be more efficient. Furthermore, conditions with
less frequent bed movements that cover a big range of
motion seem to have less effect on subjective sleep qual-
ity than conditions with multiple smaller bed movements.
The interventions provided by the bed did not lead to a
significant reduction in subjective sleep. Further studies
are needed to investigate whether Anti-snoring beds are a
valuable alternative to conventional positional therapy.
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